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ABSTRACT

To address the water sensitivity of conglomerate reservoirs, a series of core sensitivity tests were conducted to
evaluate the effects of varying ionic content. These findings serve as a foundation for improving reservoir fluid
dynamics and optimizing the concentration of anti-swelling agents in water flooding operations. The experiments
revealed a marked disparity in response between cores with differing permeabilities. In Core No. 5, characterized
by low permeability, a 0.5% anti-swelling agent achieved only a modest 7.47% reduction in water sensitivity. Con-
versely, in the higher-permeability Core No. 8, a 5% anti-swelling agent significantly reduced the water sensitivity
index by 44.84% while enhancing permeability. Further, two displacement strategies—gas flooding following
water flooding and water flooding after gas injection—were tested to assess the potential of CO2 water-alternat-
ing-gas (WAG) displacement. CO2 injection after water flooding in Core No. 5 increased oil recovery by 9.24%,
though gas channeling, evidenced by a sharp rise in the gas-liquid ratio, emerged as a critical concern. In Core
No. 8, water flooding following gas injection failed to improve recovery, likely due to pronounced water sensitiv-
ity, reduced permeability, and the formation of dominant flow channels under high displacement pressure, which
limited sweep efficiency.
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1 Introduction

Oil and gas form the bedrock of economic growth and human sustenance, intricately linked to the pillars
of energy security and the welfare of populations [1,2]. In today’s rapidly evolving landscape, the
metamorphosis of energy sources is gaining momentum, characterized by heightened efficiency,
environmental purity, and a broad spectrum of diversified options [3,4]. Concurrently, a complex
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interplay unfolds: the indispensable nature of conventional fossil fuels clashes with the unstoppable tide of
energy transition; international collaborations in energy deepen alongside the intensifying rivalry of global
energy politics. Within this intricate web of advancements and tensions, safeguarding oil and gas security has
ascended to a paramount position, embodying a comprehensive, foundational, and strategic cornerstone for
both economic vitality and societal progress. It stands as a linchpin issue, intricately entwined with the
overarching narrative of development and survival on a global scale [5–7].

In order to ensure a stable supply of oil and gas resources, oil and gas field development workers have
carried out a lot of exploration around new methods and technologies to enhance oil recovery. Based on the
research of scholars and the successful application of Toe to Heel Air Injection (THAI) technology, Li et al.
[8] analyzed the principle of THAI technology and pointed out its advantages. The effects of technological
parameters such as ignition temperature, gas injection intensity, injection pressure and well pattern are
discussed, which lays a foundation for the parameter optimization design of THAI technology in heavy
oil recovery. Liu et al. [9] discussed eight effective oil displacement methods, such as the
physicochemical method, microbial technology, gas flooding and thermal oil recovery, and systematically
described the principles and requirements of key technologies for reservoir exploitation. The field
application in Bashkortostan Oilfield has been analyzed accordingly in detail to prove the effectiveness of
the tertiary oil recovery technology. Akhlaghi et al. [10] used a 2-D Hele-Shaw physical model packed
sands to conduct visual experiments of CO2 injection; the influence of CO2 injection rate and absolute
permeability are studied in detail. Chen et al. [11] developed a pragmatic method for optimizing the
production-injection parameters in a field-scale project using water-alternating-gas (WAG). Sensitivity
analysis of WAG parameters, including injection rates, WAG ratios, cycle times for injectors, and
bottomhole pressures (BHPs) for producers on oil recovery, is conducted, and a field case demonstrates
the successful application of this technique. Mahdavi et al. [12] experimentally studied the effect of water
flooding and Carbonated Water Injection (CWI) on oil recovery in the vertically oriented pore and core
scales. Water flooding, secondary and tertiary CWI, and CO2 water alternating gas (CO2-WAG) processes
were simulated by CMG compositional software. Results show that CWI proved to be effective under
Newfoundland’s typical reservoir conditions, especially when replacing water flooding. To solve the
problem of bottom water coning in the production of sandstone reservoirs with bottom water, Zhu et al.
[13] designed a new method to enhance oil recovery, that is, the method of water extraction to eliminate
coning. Then, the application scope, application time and economic risk are studied deeply by using
reservoir numerical simulation technology, and through the analysis of examples, it is proved that this
method has better economic benefits in improving oil recovery in the middle and late stages of sandstone
bottom water reservoir development. With the expansion and gradual deepening of the application scale
of enhanced oil recovery (EOR) technology, the traditional enhanced oil recovery technology is facing
more and more challenges. Wang et al. [14] systematically summarized the research progress of new
EOR technologies from three aspects of new materials, new fields and new methods. On this basis, three
core directions for exploring a new generation of EOR technologies in the future are proposed: “low cost,
green and low carbon, and revolutionary breakthrough”. Based on the thermochemical reaction between a
gas-producing aqueous solution and a low concentration of active acid, Huang et al. [15] proposed the
in-situ generation of CO2 for oil displacement. The main advantage of this technology is to overcome the
negative impact and constraints of CO2 flooding on the environment. Li et al. [16] illustrated the
principle of a new technology to improve the fluidity of oil near the wellbore by introducing alternating
current and using a downhole oscillator to generate oscillation and evaluated the application of this
technology in heavy oil fields in Brazil, Texas and Venezuela. Wang et al. [17] conducted an
experimental study on the Daqing Xingshugang Oilfield to evaluate the effectiveness of enhanced oil
recovery (EOR) methods following strong ASP (Alkali-Surfactant-Polymer) flooding. Their findings
indicate that high-concentration polymer flooding post-ASP flooding significantly improves oil
production. Taking into account the reservoir characteristics, equipment pressure resistance, and a
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comprehensive assessment of economic and technical viability, they concluded that the alkali-free binary
compound system holds greater potential for application.

As a special type of oil and gas reservoir, conglomerate reservoir is facing many challenges in
exploration, development and engineering. Firstly, there are great differences in the depositional models
of different conglomerate depositional bodies, such as alluvial fan and fluvial facies, as well as the
hydrocarbon accumulation models of oil and gas reservoirs, so it is necessary to carry out in-depth
research on the hydrocarbon generation mechanism of source rocks, the characterization of conglomerate
depositional system and the prediction of dominant reservoirs [18–20]. Secondly, as water injection
technology advances, its efficacy diminishes year by year, highlighting the urgent need to address
challenges in developing efficient production techniques for conglomerate reservoirs. This urgency is
amplified by the necessity to meticulously characterize the intricate pore structures of reservoirs with
varying physical properties and at different stages of development. Furthermore, devising precise analyses
of seepage patterns and implementing high-efficiency extraction methods tailored to the pronounced
heterogeneity of these reservoirs are imperative tasks that demand immediate attention [21–23]. Thirdly,
conglomerate reservoirs are highly heterogeneous, with low drilling rates, long drilling cycles and large
differences in reservoir stimulation effect in the later stage. Future studies should, therefore focus on the
evaluation of mechanical properties of mid-deep conglomerates and the research on efficient and low-cost
hydraulic fracturing technology in conglomerate reservoir [24–26].

Based on the historical field production data and related experimental tests of the reservoir, the target
conglomerate formation is of obvious water sensitivity, velocity sensitivity and salt sensitivity [27]. The
inherent characteristics of reservoirs contribute to a decline in permeability during water flooding, which
directly hampers the injection efficiency of wells and severely impacts oil production negatively. To
address these challenges, initial steps involve conducting water sensitivity tests on conglomerate cores to
assess their responsiveness under varying ionic concentrations. Following this, two distinct core
displacement experiments are executed: gas flooding subsequent to water flooding and vice versa,
utilizing CO2 as the gas medium for Water-Alternating-Gas (WAG) displacement studies. The
overarching goal of this research is to furnish the oilfield with insights that facilitate more precise
adjustments to production strategies, thereby ensuring sustained and stable output.

2 Experiment

2.1 Experimental Cores
The cores taken from the field are labeled, the original fluid in the core is washed out, porosity and

permeability are tested, and drying is carried out.

The parameters of cores used in these tests are as shown in Table 1 below.

2.2 Water Sensitivity Analysis Experiment of Conglomerate Cores

2.2.1 Test Procedure
According to China’s petroleum and natural gas industry standard “SYT 5358-2010 Reservoir

sensitivity flow experimental evaluation method”, No. 5 and No. 8 cores are selected for the water
sensitivity test, and the experimental device is shown in Fig. 1.

Table 1: Basic data of cores in the tests

Core no. Length/cm Diameter/cm Porosity/% Gas permeability/mD

5 6.256 3.822 13.831 1.769

8 6.984 3.818 10.073 9.698
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The water sensitivity of the rock sample is evaluated by the water sensitivity index, and the calculation
method of the water sensitivity index is as follows:

Iw ¼ KL � KW

KL
� 100% (1)

Iw—Water sensitivity index, %;

KL—Permeability measured by liquid when physical and chemical actions such as hydration and
swelling do not occur in the rock sample, mD;

KW—Permeability of rock sample measured by distilled water, mD.

The water sensitivity experiment was conducted on No. 8 and No. 5 cores treated with epoxy resin glue.
The experimental setup involves maintaining a confining pressure that is consistently 2 MPa higher than the
displacement pressure. Formation water, an anti-swelling agent solution, 50% concentration formation water,
and deionized water are injected in sequence. Core permeability changes are then measured. By comparing
these results under different water qualities, the core’s response to varying water conditions can be better
understood.

2.2.2 Test Results
Formation water, formation water of 50% salinity, 0.5% solution of anti-swelling agent and deionized

water were injected into core No. 5 successively, and the test results are shown in Table 2 and Fig. 2,
respectively. It can be seen from the results that formation water is injected when the injection pore
volume is less than 1 PV. When the injection volume is 1 to 1.5 PV, formation water with salinity of 50%
is injected. When the injection volume is 1.5 to 2.5 PV, 0.5% anti-swelling agent solution is injected.
Then, the deionized water is injected until the cumulative injection pore volume was approximately
5.5 PV. In the formation water injection stage, with the increase of the cumulative injection pore volume,
the water sensitivity index shows a gradually increasing trend. Specifically, when the cumulative injection
pore volume is 0.5 and 1 PV, the corresponding water sensitivity index is 21.45% and 23.44%,
respectively. This means that the water sensitivity of the core is enhanced with the increase of the
cumulative water injection. At the injection stage of 50% concentration formation water, the water
sensitivity index also shows a trend of continuous increase with the increase of cumulative injection.
Specifically, when the cumulative injection pore volume is 1.5 PV, the corresponding water sensitivity
index increases by 52.11%. This means that the injection of 50% concentration of formation water further
enhances the water sensitivity of the core. When 0.5% anti-swelling agent solution was injected, the

Figure 1: Water sensitivity test device of conglomerate cores
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water sensitivity index showed a certain downward trend with the increase of the cumulative water injection.
The corresponding water sensitivity indexes are 47.32% and 44.64% when the cumulative injection volume
are 2 and 2.5 PV, respectively. During the subsequent stage of injecting deionized water, the water sensitivity
index progressively increases as the cumulative injection volume rises. Specifically, the water sensitivity
indices are 67.88%, 79.77%, 84.14%, 86.32%, and 86.46% corresponding to cumulative injection pore
volumes of 3, 3.5, 4, 4.5, and 5.5 PV, respectively. Overall, after an intermediate injection of a 0.5% anti-
swelling agent solution, there is a slight recovery in permeability, but it significantly decreases again
following the continued injection of deionized water.

Table 2: Test results of No. 5 core in water sensitivity experiment

Injection fluid Salinity,
mg/L

Displacement
pressure, MPa

Flow rate,
cm3/s

Injection pore
volume, PV

Kw/mD Kw/KL/% IW/%

Formation water 24,076 20 1.04E−02 0.01 4.01E−03 100 0

20 8.13E−03 0.5 3.15E−03 78.55 21.45

20 7.93E−03 1 3.07E−03 76.56 23.44

Formation water
of 50% salinity

12,038 20 4.96E−03 1.5 1.92E−03 47.89 52.11

0.5% solution of
anti-swelling
agent

24,076 20 5.45E−03 2 2.11E−03 52.68 47.32

20 5.73E−03 2.5 2.22E−03 55.36 44.64

Deionized water 0 20 3.33E−03 3 1.29E−03 32.12 67.88

20 2.09E−03 3.5 8.11E−04 20.23 79.77

20 1.64E−03 4 6.36E−04 15.86 84.14

20 1.42E−03 4.5 5.49E−04 13.68 86.32

20 1.40E−03 5.5 5.43E−04 13.54 86.46
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Figure 2: Water sensitivity test results of core No. 5
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Formation water, formation water of 50% salinity, deionized water and 5% anti-swelling agent solution
were successively injected into No. 8 core, and the test results are shown in Table 3 and Fig. 3, respectively. It
can be seen from the test results that formation water is injected when the injection pore volume is within
19.43 PV. When the injection pore volume increases from 19.43 to 41.16 PV, the formation water of 50%
salinity is injected. Deionized water is injected at pore volumes between 41.16 to 57.15 PV. Then 5%
anti-swelling agent solution was injected until the cumulative injection pore volume was nearly 92 PV. In
the formation water injection stage, with the increase of the injection, the water sensitivity index shows a
generally increasing trend. Specifically, the corresponding water sensitivity indices are 9.51% and 14.69%
when the cumulative injection pore volume are 4.59 and 19.43 PV, respectively. This means that the
sensitivity of the core to water is enhanced with the increase of the cumulative injection. During the
injection phase involving formation water with 50% salinity, the water sensitivity index exhibits a
consistent upward trend as the cumulative injection volume escalates. Specifically, for cumulative
injection pore volumes ranging from 20.05 to 41.16 PV, the water sensitivity index rises by 14.82% and
35.56%, respectively. This indicates that injecting formation water with a 50% salinity level exacerbates
the core’s water sensitivity. In the subsequent stage of deionized water injection, the water sensitivity
index demonstrates a rapid increase. For cumulative injection pore volumes of 42.28, 43.08, 44.4, 56.69,
and 57.15 PV, the corresponding water sensitivity indices are 77.33%, 83.6%, 84.87%, 90.55%, and
91.43%, respectively. When 5% anti-swelling agent solution is gradually injected, the water sensitivity
index shows a gradually decreasing trend, and when the cumulative injection pore volumes are 57.86,
81.36 and 91.63 PV, the corresponding water sensitivity indexes are 65.35%, 53.76% and 44.84%,
respectively. From the view of overall trend, after the injection of deionized water, the core permeability
is greatly reduced, the displacement rate is slowed down, and the water sensitivity index reaches more
than 90%. After the injection of anti-swelling agent solution, the displacement rate is significantly
improved, and the permeability is restored.

Table 3: Water sensitivity test results of No. 8 core

Injection fluid Salinity,
mg/L

Displacement
pressure, MPa

Flow rate,
cm3/s

Injection pore
volume, PV

Kw/mD Kw/KL/% IW/%

Formation water 24,076 6 0.0069 0 0.06 100 0

6 0.0062 1.99 0.06 90.1 9.9

6 0.0061 3.6 0.06 88.96 11.04

6 0.0063 4.59 0.06 90.49 9.51

6 0.0063 15.4 0.06 91.48 8.52

6 0.0055 17.94 0.05 80.27 19.73

6 0.0059 19.43 0.05 85.31 14.69

Formation water of
50% salinity

12,038 6 0.0059 20.05 0.05 85.18 14.82

3 0.0023 37.31 0.04 65.66 34.34

6 0.0045 41.16 0.04 64.44 35.56

Deionized water 0 10 0 42.28 0.01 22.67 77.33

10 0.0026 43.08 0.01 16.4 83.6

10 0.0019 43.95 0.01 15.43 84.57

10 0.0018 44.4 0.01 15.13 84.87

10 0.0017 56.69 0.01 9.45 90.55

10 0.0011 57.15 0.01 8.57 91.43
(Continued)
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By comparing the experimental results of No. 5 core and No. 8 core, it can be seen that the water-
sensitive expansion of No. 5 core has begun to occur after the injection of formation water, although the
water-sensitive index has been alleviated after the injection of 0.5% anti-swelling agent solution, the
effect is not obvious, and the water-sensitive degree is close to 90% after injection of deionized water, so
it can be judged that the water sensitivity of the core is very strong, and 0.5% anti-swelling agent has
almost no effect. The permeability of core No. 8 is relatively high, but after injecting deionized water, the
water sensitivity index also rises to nearly 90%, indicating an extremely strong water sensitivity in this
reservoir formation. Following the addition of a 5% anti-swelling agent solution, permeability begins to
increase, eventually reducing the water sensitivity index to below 50% and demonstrating excellent anti-
swelling effectiveness.

2.3 Evaluation Experiment of Core Displacement Effect
The experimental process is designed according to the Technical Specification for Screening of

Enhanced Oil Recovery Methods (Petroleum and Natural Gas Industry Standard of the People’s Republic
of China SYT 6575-2003), which are necessary to analyze the flow mechanism and dynamics of
reservoir fluids and thus affect the development effect of reservoirs, as shown in Fig. 4. The specific
experimental scheme is shown in Table 4.

Table 3 (continued)

Injection fluid Salinity,
mg/L

Displacement
pressure, MPa

Flow rate,
cm3/s

Injection pore
volume, PV

Kw/mD Kw/KL/% IW/%

5% solution of anti-
swelling
agent

24,076 10 0.001 57.86 0.02 34.65 65.35

10 0.004 58.39 0.02 30.11 69.89

10 0.0035 81.36 0.03 46.24 53.76

10 0.0053 82.44 0.03 45.58 54.42

6 0.0053 91.63 0.03 55.16 44.84
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Figure 3: Water sensitivity test results of core No. 8
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In order to evaluate the water sensitivity of the core and the effect of depressurization and augmented
injection of the injected solution, the change of displacement resistance during the displacement process
is calculated according to Formula (2) below:

Lw ¼ Dp

q
(2)

In the formula above:

Lw—Displacement resistance, MPa·s/cm3;

Dp—Displacement pressure difference, MPa;

q—Flow rate, cm3/s.

2.3.1 Effect Evaluation of Water Flooding Followed by CO2 Flooding

Test Procedure
After drying, vacuuming and aging treatment, the displacement experiment was carried out on the No.

5 core. Firstly, a water flooding experiment was carried out on core No. 5, which was saturated with oil at a
pressure of 8 MPa. Then, the core was taken out to measure the wet weight, calculate the saturated oil

Figure 4: Flow chart of core displacement experiment

Table 4: Comprehensive design of displacement effect evaluation experiment

Core no. Displacement type Experimental conditions

5 Experimental evaluation of gas flooding after
water flooding

Water flooding followed by CO2 flooding

8 Experimental evaluation of water flooding after
gas flooding

CO2 flooding followed by water flooding
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volume, adjust the confining pressure and injection pressure, and keep the confining pressure higher than the
injection pressure by 2 MPa. Finally, the injection water containing 2% anti-swelling agent was injected until
the water cut at the outlet was 98% or no fluid flowed out at the outlet end, and the final recovery was
calculated. After that, the CO2 displacement experiment is carried out by adjusting the back pressure to
25 MPa.

Test Results
The experimental results of No. 5 core in the water flooding stage are shown in Table 5 and Fig. 5. The

results show that the oil recovery increases from 0.0% to 44.79% with the increase of injection pore volume
from 0.0 to 0.88 PV. This indicates that the injected water containing 2% anti-swelling agent can effectively
drive the oil and gas in the core to move to the outlet, thus significantly improving the oil recovery. When the
initial injection volume is small (about 0.00–0.25 PV), the oil recovery increases rapidly, which may be
related to the fact that the oil that is easy to flow in the core is first exploited. With the further increase of
the injection volume, the increasing rate of the oil recovery gradually slows down because the remaining
oil may be more in the tiny pores of the reservoir, which is difficult to be displaced. At the same time,
with reference to the water cut of produced liquid, the stage of significant increase in oil recovery mainly
happened before the water breakthrough, and after the water breakthrough, the growth rate of oil recovery
slows down. In general, the increase in injection volume plays a positive role in improving the oil
recovery; the final recovery reaches to about 45%, and the final water cut reaches more than 90%.

Table 5: Result data of No. 5 core displacement (water flooding stage)

Water injection
volume, mL

Injection pore
volume, PV

Oil production
volume, mL

Recovery, % Water cut, %

0.00 0.00 0.00 0.00 0

0.55 0.06 0.55 7.82 0

1.35 0.14 1.35 19.20 0

1.45 0.15 1.45 20.62 0

2.25 0.23 2.25 32.02 8

2.45 0.25 2.37 33.78 0

2.51 0.25 2.43 34.56 0

2.55 0.26 2.47 35.22 0

2.62 0.26 2.54 36.20 23

2.98 0.30 2.67 38.03 31

3.32 0.33 2.70 38.53 33

3.69 0.37 2.74 38.99 51

4.21 0.42 2.75 39.11 68

4.94 0.50 2.80 39.82 78

5.77 0.58 2.85 40.53 84.3

6.71 0.68 2.95 41.95 89.3

7.71 0.78 3.05 43.37 90.1

8.71 0.88 3.15 44.79 91.3
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The displacement resistance of the experimental core during water flooding is calculated, as shown in
Fig. 6. The points on the line represent the logarithmic values of the displacement resistance. As
illustrated, when the injection volume reaches 0.14 to 0.37 PV, the displacement resistance exhibits a
sharp increasing trend. This increase is attributed to the water sensitivity effect caused by the injection of
formation water, which leads to a decrease in core percolation capacity and a gradual rise in displacement
pressure difference.

The No. 5 core is converted to CO2 flooding after water flooding, and oil continues to be produced. The
experimental results are shown in Table 6 and Fig. 7. Specifically, the stage recovery increases rapidly to
4.69% as the gas injection pore volume increases to about 4.16 PV. At this stage, with the increase of gas
injection volume, the recovery is significantly improved, indicating that the injected fluid can efficiently
push the oil in the core to the core outlet. However, from the aspect of the gas-liquid ratio, when the
injection pore volume is 0.13 PV, the gas-liquid ratio has reached to 20.83, indicating that the gas has
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Figure 6: Displacement resistance change of No. 5 core in water flooding stage
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reached the outlet through the core, and the gas-liquid ratio continues to rise rapidly with the continuous
injection of gas. This also suggests that enough attention should be paid to the prevention of gas
channeling when gas flooding development is conducted to further enhance oil recovery. However, with
the increase of the injection gas volume, there is still oil flowing out from the outlet. When the injection
pore volume reaches 93.20 PV, the recovery factor is increased by about 10% compared with that in the
water flooding stage. This also shows that gas flooding after water flooding can further improve the
recovery of the reservoir, and CO2 flooding can be carried out after water flooding to enhance oil recovery.

Table 6: Result data of No. 5 core displacement (gas flooding stage)

Gas injection
volume, mL

Injection pore
volume, PV

Oil production
volume, mL

Recovery, % Gas liquid ratio

0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.05 0.71 0.00

1.25 0.13 0.06 0.85 20.83

3.20 0.32 0.07 1.00 45.71

4.40 0.44 0.09 1.28 48.89

10.75 1.08 0.13 1.85 82.69

19.25 1.94 0.19 2.70 101.32

32.75 3.30 0.28 3.98 116.96

41.25 4.16 0.33 4.69 125.00

111.25 11.21 0.53 7.54 209.91

134.25 13.52 0.60 8.53 223.75

157.25 15.84 0.62 8.82 253.63

178.25 17.96 0.63 8.96 282.94

325.25 32.76 0.64 9.10 508.20

925.25 93.20 0.65 9.24 1423.46
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2.3.2 Effect Evaluation of CO2 Flooding Followed by Water Flooding

Test Procedure
After drying, vacuuming, and aging treatments, a displacement experiment was conducted on core No.

8. The back pressure at the outlet end was set to 25 MPa. The displacement pressure was gradually increased
until continuous gas outflow was observed. Subsequently, changes in oil production, gas output, outlet
pressure, and inlet pressure were recorded over time. The relationship between cumulative oil production
and cumulative injection volume, along with changes in the gas-oil ratio, were calculated. Following the
gas injection, a water injection displacement experiment was performed. The back pressure valve was
connected, the back pressure was adjusted to 25 MPa, and the system was switched to water injection to
measure the final oil recovery.

Test Results
As that can be seen from Table 7 and Fig. 8, during the gas flooding stage, the cumulative recovery and

the gas-liquid ratio show a certain growth trend with the increase of the injection pore volume. Specifically, in
the initial stage, that is, when the injection pore volume is 5.77 PV, the recovery percent is 10%. With the
increase of injection pore volume, the recovery increases gradually. When the injection pore volume is
29.3 PV, the recovery reaches 19%. When the injection pore volume is more than 105.98 PV, the
recovery is basically stable between 33% and 38%, and then the injection pore volume continues to
increase, but the increasing rate of the recovery slows down until the injection pore volume reaches about
1388 PV, the cumulative recovery is basically close to and maintained at about 60%. In the aspect of
produced gas-liquid ratio, at the beginning, when the injection pore volume is 5.77 PV, the gas-liquid
ratio is 34; with the increase of the injection pore volume, the gas-liquid ratio gradually increases, when
the injection pore volume is 29.3 PV, the gas-liquid ratio is 221. The injection pore volume continues to
increase, and the gas-liquid ratio continues to increase, reaching 450 at the injection pore volume of
105.98 PV; the subsequent results show that the growth rate of the gas-liquid ratio seems to slow down
and finally stabilizes at the level of about 9000. To sum up, with the increase of gas injection pore
volume, the oil recovery increases gradually at the beginning and tends to be stable after a certain range,
while the gas-liquid ratio continues to rise, but the growth rate gradually slows down in the later period.

Table 7: Result data of gas flooding experiment in No. 8 core

Gas injection
volume, mL

Injection pore
volume

Oil production,
mL

Cumulative
recovery

Gas-liquid ratio

38 5.77 1.10 0.10 34

193 29.30 2.00 0.19 221

358 54.35 2.38 0.22 550

518 78.65 3.02 0.28 320

698 105.98 3.53 0.33 450

858 130.27 3.79 0.36 800

1038 157.60 4.05 0.38 900

1438 218.33 4.49 0.42 4000

2338 354.98 4.94 0.46 9000

2788 423.30 5.28 0.50 4500
(Continued)
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The displacement resistance of the core during gas flooding is calculated, as shown in Fig. 9. The results
demonstrate that the gas flooding resistance decreases as the injection volume increases. This reduction
occurs because water sensitivity is not a concern during gas injection, allowing the gas flow channels to
become smoother with the outflow of oil.

After water flooding is switched to gas flooding in No. 8 core, only water and gas are produced, even
though there is a pressure difference of 25 MPa between the inlet and outlet, and the recovery is not further
improved. On the one hand, it is considered that the recovery of the gas flooding stage has been very high, on
the other hand, it shows that the mainstream channel has been formed in the core, and the water injected
subsequently flows out directly from the channel, which can not improve oil production. After taking out
the core from the holder, it is found that the core has obvious cracks, which indicates that obvious fluid
channeling has formed during the experiment (Fig. 10).

Table 7 (continued)

Gas injection
volume, mL

Injection pore
volume

Oil production,
mL

Cumulative
recovery

Gas-liquid ratio

3688 559.94 5.41 0.51 9000

4588 696.59 5.65 0.53 9000

5488 833.24 5.80 0.54 4500

6388 969.88 6.03 0.57 9000

7338 1114.12 6.02 0.57 9500

8238 1250.77 6.11 0.57 9000

9138 1387.41 6.35 0.60 9000

10,038 1524.06 6.35 0.60 9000

10,938 1660.70 6.35 0.60 9000
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Figure 8: Change of recovery and gas-liquid ratio in gas flooding stage of No. 8 core
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Generally speaking, the effectiveness of water flooding following gas flooding is poor. Analysis
indicates that, on the one hand, the residual oil remaining after gas flooding is minimal within the core.
On the other hand, due to strong water sensitivity, the permeability of the core significantly decreases as
water enters. This results in ineffective water flooding and may even cause core rupture due to substantial
pressure differences.

3 Conclusion

To address the significant water sensitivity issue in a conglomerate reservoir located in Northwest China
and enhance the performance of injection wells, a core water sensitivity test was conducted. This experiment
aimed to assess the water-induced reactions at varying ion concentrations, thereby informing the selection of
an appropriate anti-swelling agent and determining its optimal concentration. Subsequently, a core
displacement experiment employing CO2 and water as the displacing fluids was performed to investigate
the effectiveness of WAG (water-alternating-gas) displacement techniques. The results show that the No.
5 core swells after injection of formation water, and the effect is not obvious after injection of 0.5% anti-
swelling agent. After the injection of deionized water, the water sensitivity index of No. 5 core reaches
nearly 90%, showing a very strong water sensitivity. The permeability of No. 8 core is relatively high,
and the water sensitivity index increases to nearly 90% after injecting deionized water and decreases to
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Figure 9: Variation of gas displacement resistance in No. 8 core

Figure 10: Physical image of No. 8 core after water flooding
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less than 50% after adding 5% anti-swelling agent; the effect is remarkable. In the follow-up experiments,
CO2 flooding is performed after water flooding in the No. 5 core, and when the gas injection pore
volume reaches 93.20 PV, the oil recovery is increased by about 10% compared with that in the water
flooding stage. This also shows that gas flooding after water flooding can further improve the recovery of
the reservoir, and CO2 flooding can be conducted after water flooding to enhance oil recovery. Water
flooding did not further improve the recovery after gas flooding in No. 8 core, which is most likely due
to the permeability decrease caused by the strong water sensitivity of formation, and the core fracture
appeared due to the large displacement pressure difference in the experiment, forming a fluid channeling
channel. It is proposed that CO2 flooding could be a viable option to boost oil recovery during the
present development phase. However, if WAG (water-alternating-gas) injection is considered, a
comprehensive assessment of the risks associated with gas channeling and reservoir water sensitivity
damage is imperative. Additionally, meticulous optimization of the timing for water and gas injections, as
well as the determination of appropriate slug sizes, is crucial.
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